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Defects in silicon after B1 implantation: A study using a positron-beam technique,
Rutherford backscattering, secondary neutral mass spectroscopy,

and infrared absorption spectroscopy
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The distribution of defects in Si~100!, ~110!, and ~111! after boron implantation and annealing processes
was measured by means of different methods. Boron implantation was carried out at 300 K with three energies
~50, 150, and 300 keV or 30, 90, and 180 keV! in multiple mode to obtain a homogeneously damaged layer.
Ion fluences ranged from 1014 to 1016 B1 cm22. The profile of vacancy-type defects was detected by variable-
energy positron annihilation spectroscopy~VEPAS!. The defect concentration increases proportionally to
AF, whereF is the ion fluence. It was found that the line-shape parameterS of the positron-electron annihi-
lation peak in the implanted layer increases withF. The divacancy (2v) concentration observed by infrared
absorption spectroscopy~IRAS! was nearly constant in all samples~about 1.831019 cm23!. It can be con-
cluded that divacancies are not the main vacancy-type defect and the increasingS parameter must be attributed
to additional defects of larger open volume. A valueSdefect/Sbulk51.048 was fitted for the dominating defect,
whereS2v /Sbulk51.04. Rutherford backscattering~RBS! measurements were carried out to detect the distri-
bution of displaced lattice atoms. The defect-production rate was proportional toAF again. The concentration
profiles of implanted ions were measured with sputtered neutral mass spectrometry~SNMS!. In addition,
Monte Carlo calculations were done with theTRIM code. The nearly homogenous defect distributions up to a
depth of 1mm found by VEPAS,TRIM, and RBS are in very good accordance. The samples were annealed up
to 1150 K. It was found that the annealing behavior of vacancylike defects depends on the implantation dose
and on the sample material under investigation. The divacancies are annealed at 470 K as measured by IRAS.
An annealing stage of vacancy clusters at 725 K was observed in all samples by VEPAS. In Czochralski
material, a decrease of theS parameter below the value of defect-free Si was observed after annealing at about
750 K. This can only be explained by the appearance of a different defect type, most likely an oxygen-vacancy
complex. At high ion fluences (1016 B1 cm22), an increase of theS parameter above the defect value at room
temperature was observed after annealing at 700 K in a region 100 nm below the surface. This highS
parameter is caused by the creation of larger vacancy clusters. These defects remain stable after annealing at
850 K. Correlated RBS and SNMS measurements were done at identically implanted samples for all annealing
stages.@S0163-1829~97!03327-4#
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I. INTRODUCTION

The intention for application of the ion-implantation tec
nique is the defined doping of different impurity species in
semiconductors during the fabrication process of planar
vices. The major side effect of ion implantation, the radiat
damage, has been studied extensively for over
decades.1,2 The depth distribution of implanted dopants
well known. Electronic excitations and atomic collisions a
the dominant energy-loss mechanisms of the incident io
Individual atomic displacements are the primary lattice
sponse. Lindhard, Scharff, and Schio”tt have developed the
so-called LSS theory in 1963,3 which describes the stop po
sitions of the implanted ions with a Gaussian distributi
around the projected range. More recently, Monte Ca
simulations are used to predict the primary damage after
implantation. As an example, theTRIM code based on the
560163-1829/97/56~3!/1393~11!/$10.00
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binary collision approximation4 is often used. Secondar
processes such as displacements of other atoms and the
mation of defect cascades are taken into account.5 However,
the behavior of implantation defects during annealing as w
as diffusion effects and defect reactions are still under d
cussion.

Semiconductor materials have different structural, elec
cal, and optical properties depending mainly on dopant s
cies and on defect structure. There are many possibilitie
the near-surface region because the surface conditions
an influence on the band bending and on the resulting e
tric field. Therefore, it is important to investigate the sam
samples by several methods in the field of defect physic
semiconductors.

The variable-energy positron annihilation spectrosco
~VEPAS! has turned out to be a very useful tool to dete
open-volume defects because of its nondestructiveness
1393 © 1997 The American Physical Society
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1394 56S. EICHLERet al.
high sensitivity.6,2 Sputtered neutral mass spectrome
~SNMS! and Rutherford backscattering spectroscopy~RBS!
are often used to detect the dopant distribution and the
havior of displaced lattice atoms, respectively. We obser
the annealing of divacancies by infrared absorption spect
copy ~IRAS!.

In this work we investigated the damage of ion implan
tion in the micrometer depth region. All methods used for
defect detection, VEPAS, RBS, SNMS, and IRAS are es
cially sensitive in this range.

II. EXPERIMENT

A. Sample material and ion implantation

Measurements were carried out at different sample se
to investigate dependences on implantation fluences and
rections. All samples were implanted with B1 ions at 300 K.
We usedp-type @B# Czochralski silicon~10–30V cm! with
^111&, ^110&, and ^100& orientations and undoped silicon t
investigate the annealing behavior and dependences of
beam-induced damage on the implantation direction and
plantation fluence, respectively. To discuss the influence
oxygen concentration, we irradiated Czochralski Si~n-type
@P#, r50.6V cm! and floating zone~FZ! material~n-type
@P#, r50.5V cm! under similar conditions. The oxyge
concentration of all Czochralski samples was about
31018 cm23, whereas this concentration was 131016 for FZ
material. All implantations were done in the 7° off-axis d
rection, which is typically used to avoid channeling effec
In order to get sufficiently thick layers with an almost hom
geneous damage profile, B1 ions were subsequently im
planted with energies of 300, 150, and 50 keV. For the 3
keV implantation the ion fluence was varied between
31014 and 231016 cm22. TRIM simulations were carried ou
with minimal 5000 ions to calculate the fluence ratios for t
different implantation energies in order to obtain a homo
neous damage profile. We found that the best ratios
2:1:0.45 at 300, 150, and 50 keV, respectively. To iden
the samples in the subsequent discussion, the ion fluenc
the largest implantation energy is indicated asF. The
samples for the annealing experiments were implanted w
30, 90, and 180 keV in a similar mode. Homogeneous da
age profiles allow an easier interpretation of experimen
data for the VEPAS measurements~compare Fig. 3! because
of its limited depth resolution. The samples were annealein
situ at a pressure of 1026 Pa during the positron experimen
The annealing of samples for RBS, SNMS, and IRAS w
performed in an argon atmosphere at a pressure
1022 Pa.

B. Slow positron beam

The variable-energy positron beam was produced by a
GBq b1 source of 22Na assembled in transmission with
5-mm polycrystalline tungsten moderator, transported
some solenoids. The beam having a diameter of 5 mm an
intensity of 53105 e1/s was made to strike the sample. T
samples were mounted in an UHV chamber at a tempera
controlled sample holder~90–1200 K!. The g annihilation
spectrum was recorded with a high-purity Ge detector hav
an energy resolution of 1.9 keV at 1.2 MeV. The data w
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acquired with a digitally stabilized multichannel-analyz
system. The Doppler broadening of the 511-keVg-ray peak
was measured at room temperature as a function of incid
positron energy from 0.1 to 39 keV. 83105 counts were
collected in the 511-keV annihilation line at each incide
energy.

C. RBS measurements

Rutherford backscattering measurements were perfor
at 100 and 239 K using 1.4-MeV He1 ions and a backscatter
ing angle of 177°. For the analysis, the difference in mi
mum yieldDxmin was determined, which is given by

Dxmin5
Yal
imp2Yal

perf

Yra
, ~1!

whereYal
imp,Yal

perf are the backscattering yields in the align
direction for the implanted and the perfect crystal, resp
tively. Yra is the backscattering yield in random directio
From theDxmin spectra measured at the two different te
peratures, the relative concentrationnDA of displaced lattice
atoms and their mean displacement distancer a perpendicular
to the axis of incidence were determined in the framework
the discontinuous model of dechanneling7,8 using the com-
puter codeDICADA.9 The existence of uncorrelated displac
lattice atoms in the damaged layers was assumed and
thermal vibration of these atoms was taken into account.

D. SNMS and IR absorption

SNMS investigations were performed with the devi
INA 3 ~Leybold/Specs!. The samples were bombarded b
positive ions extracted from a low-pressure high-frequen
plasma (Kr1). The sputtered neutral atoms were po
ionized by electron impact in the plasma and ma
selectively detected by a quadrupole mass filter. A stand
plasma pressurep~Kr! of about 1.931023 Torr, a rf power
of 150 W, and a Helmholtz coil current of 5.2 A were em
ployed. A constant dc bombardment voltage of 550 V w
applied to the sample. The depth of the sputtered crater in
sample was measured by a surface profiler~DEKTAK 3030!.

The IR investigations were performed on polish
samples using a Lambda 19~Perkin Elmer!. The absorption
coefficient shows an exponential tail in the near-edge reg
which is superimposed by the divacancy absorption b
~0.68 eV!. The absorption exponent« of the implanted Si
layers was determined in the frequency ran
0.5 eV<\v<1.15 eV by conventional transmission me
surements. Assuming a homogeneously implanted layer,
absolute absorption coefficientk can be calculated dividing«
by the layer thicknessd obtained from the positron exper
ment. The exponential tail is interpolated and subtracted
the region of the absorption band. The divacancy concen
tion is proportional to the intensity of the absorption band10

III. DEFECT PROFILING USING THE POSITRON BEAM
TECHNIQUE

A. Positron implantation and diffusion

When positrons enter a solid, at first a rapid energy l
happens, where positrons reach thermal energies. An
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56 1395DEFECTS IN SILICON AFTER B1 IMPLANTATION: . . .
proximation for the resulting positron implantation profile
the Makhov distribution, suggested by Valkealahti a
Nieminen,11

P~E,z!5
mzm21

z0
m expF2S zz0D

mG , ~2!

wherem52 andz0 is related to the mean implantation dep
z̄ by

z05 z̄/G~1/m11!. ~3!

G means the Gamman function. The mean depthz̄ ~Å! is
obtained by

z̄5
A

r
En, ~4!

where r (g cm23) is the mass density.A52.75
mg cm22 keV2n and n51.7 are empirical parameters fo
silicon.12,13After thermalization, positrons will diffuse in the
solid until they annihilate. The diffusion can be described
the one-dimensional time-independent diffusion equation

05D1

d2

dz2
c~z!2

d

dz
@vd~z!c~z!#2leffc~z!1p~z!,

~5!

with vd(z)5m1«(z). c(z) is the positron density,D1 the
positron diffusion constant,m1 the positron mobility related
to the diffusion constant by the Nernst-Einstein equati
«(z) the local electric field in thez direction,p(z) the pos-
itron stopping rate at depthz, andleff the effective positron
annihilation rate. In this work, we will neglect the influenc
of electric fields on positron diffusion. This is reasonab
since there is only a weak surface band bending due to
pinned midgap position of the Fermi level. This is a result
the high concentration of implantation defects in all a
implanted samples. The diffusion coefficient for positrons
bulk silicon at 300 K isD152.7 cm2/s.14 Using a positron
lifetime tb51/lb5218 ps in defect-free silicon,2 the posi-
tron diffusion lengthL15AD1 /lb is 245 nm.

14 lb is called
the bulk annihilation rate for annihilation in the perfect cry
tal. Negatively charged and neutral open volume defects
attractive traps for positrons. The effective positron ann
lation rate is then given by

leff5lb1m tnt , ~6!

wherem t ~t abbreviates trap! is the defect-specific trappin
coefficient andnt is the defect density. The productm tnt
5k t is the defect trapping rate for positron capture into d
fects. In the case of a homogeneous defect distribution,L1 is
replaced by the effective diffusion lengthL1,eff

5AD1 /leff, where a smallL1,eff means a high defect den
sity. L1,eff can be extracted from the experimental data
the programVEPFIT ~Ref. 15! ~see below!. The defect trap-
ping ratek t and, with a known trapping coefficientm t , the
defect densitynt are given by

k t5m tnt5lbF S L1

L1,eff
D 221G . ~7!
y

,
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Positrons may also annihilate at the sample surface. A
tionally, positrons can be reemitted from clean surfaces,
ther as bound with an electron, as positronium, or in a f
state. However, for the silicon oxide covered samples use
this study the reemission probability can be neglected.6

B. Annihilation parameters

The momentum of the annihilating electrons cause
Doppler broadening of the emittedg-radiation line. For this
reason, the shape of the 511-keV annihilation line is se
tive to the local electronic environment in the solid and w
differ between annihilations in defects and in the perfect
tice. Usually, the shape of the 511-keV line is analyzed
using the line-shape parametersS andW. TheS parameter is
defined as the ratio between the number of counts in
center (51160.8 keV) to the total peak area, whereas t
W parameter is defined as the ratio between the wing a
(>51112.8 keV) to the total peak area. Every kind of d
fect yields a characteristicS andW value. In general, in the
presence of open-volume defects, theS parameter is higher
than the bulk value, whereas theW parameter is lower. A
measuredS parameter~similar alsoW! is a linear combina-
tion of the specificS parameters for different annihilatio
sites, such as

S5 f bulkSbulk1 f sSs1( f t, jSt, j , ~8!

where thef i (( f i51) are the fractions for annihilation in th
bulk, at the surface, and in defect typej . So a change inS
can be caused by a change of the defect type or by a ch
of the defect concentration. By usingS andW, one can
define aRb parameter, which depends only on the defe
type,16,17 but is independent of the defect concentration, a

Rb5u~S2Sbulk!/~W2Wbulk!u. ~9!

This is valid if only one defect type is present, which
surely not true in the case of ion implantation. But one c
redefine aR that is independent of the defect concentrati
too, in the case of saturation trapping in two different def
types. ThenS is written as

S5 f 1S11 f 2S2 , ~10!

whereSi is theS parameter for annihilation in defecti and
f 11 f 251. Then the changes inS due to a change in the
defect concentration can be written as

S2S25 f 1~S12S2!. ~11!

An equivalent equation can be found for theW parameter.
ThenR can be defined by dividing both equations

R5U S2S2
W2W2

U5U S12S2
W12W2

U. ~12!

With that,R depends only on the defect types involved a
not on the defect concentrations. This definition is similar
Eq. ~9!, butSbulk is replaced by a typical defectS parameter
~see the discussion in Sec. IV A 1!.

For data analysis in this work, we used the fitting a
modeling programVEPFIT ~for details see Ref. 15!. The pro-
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1396 56S. EICHLERet al.
gram solves the diffusion equation~5! for a given layer struc-
ture. Equation~8! is fitted to the experimentalS parameter
data.Ss is obtained from theS parameter data at low inciden
energies, when nearly all positrons reach the surface.Ss is
usually different fromSbulk and depends on the surface co
ditions.Sbulk is obtained from measurements at high incide
energies or from reference samples, when nearly all p
trons annihilate in the defect-free bulk beyond the implan
layer. Then the fit results are the positron diffusion lengt
the thicknesses, and theS parameters of the different layer
TheW andR parameter data are used for additional info
mation, such as changes in the defect type.

IV. RESULTS AND DISCUSSION

A. As-implanted state

1. Implantation with different fluences

As an example for the damage evolution as visible
RBS, Fig. 1 shows the energy spectra of 1.4-MeV He1 ions
backscattered on B1-implanted ^100& silicon. For ion flu-
ences F<131016 cm22 the backscattering spectra a
mainly characterized by dechanneling of the analyzing io
suggesting the existence of point defects and point de
complexes, the concentration of which increases with
creasing ion fluence~see upper part of Fig. 1!. After implan-
tation of 231016 B1 cm22 the occurrence of peaks in th
spectrum indicates a distinct contribution of direct backsc
tered He1 ions to the measured yield. Therefore, defect cl
ters are to be expected, which are connected to the exist
of displaced lattice atoms having large displacement
tances from the atomic rows. However, comparing the ba

FIG. 1. RBS spectra of Si~100! implanted with different boron
fluences~upper part! and a comparison~lower part! between the
RBS spectra for the largest implantation fluence and a random s
tra, which is typical for amorphous material.
t
i-
d
,

-

y

s,
ct
-

t-
-
ce
-
k-

scattering spectrum forF5231016 B1 cm22 with the ran-
dom spectrum~see lower part of Fig. 1! it is obvious that the
total damage level is still low and the implanted layer co
tains no amorphous zones.

The data of slow positron measurements shown in Fig
exhibit the dependence of implantation damage on fluen
There are only two annihilation sites for the positrons for t
nonimplanted sample~reference!. First, at low incident ener-
gies the measuredS parameter is characteristic for the su
face caused by the thin natural oxide layer. Second, at h
energies (.15 keV) all positrons annihilate in the defec
free silicon. In the energy range between 0 and 15 keV, m
or less positrons diffuse back to the surface. Here the co
of the mixedS parameter@Eq. ~8!# shows a characteristic
behavior for the positron diffusion length in silicon~245
nm!. Furthermore, theS parameter curves~shown in Fig. 2!
are typical for damaged layers in silicon produced by i
implantation.2 The low surfaceS parameter caused by a thi
natural oxide layer at the surface increases at larger imp
tation fluences; this means that the microstructure of the
ide layer changes during implantation and is a function
fluence. A similar behavior was found by Uedonoet al. at
g-irradiated SiO2.

18 However, these differences are not im
portant in the following context, as they merely reflect d
ferent surface conditions of the samples. The important
ferences are the slopes of the curves to theS parameter
plateau between 2- and 10-keV positron energy, which c
responds to the change of the effective positron diffus
length. It can be assumed that even for the lowest fluence
trapping in the damaged layer is saturated, i.e., the frac
of trapped positronsf t is nearly 1. This fraction can be ca
culated by

f t5
k t

k t1lb
, ~13!

c-

FIG. 2. S(E) curves of undoped Czochralski Si implanted wi
231016 and 131014 cm22 boron ions at an off-normal orientatio
mode are shown exemplarily. The different slopes of the first par
all curves can be seen in the inset for a more extended flue
series. The lines are best fits to the positron diffusion equation
VEPFIT.
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56 1397DEFECTS IN SILICON AFTER B1 IMPLANTATION: . . .
with a known trapping ratek t @see Eq.~7!#. This means that
the typical defectS parameter can be determined direc
from the plateau value ofS(E) curves, which also was veri
fied by theVEPFIT fit. The common high-energy asympto
represents the characteristicS parameter of undamaged bu
material (Sbulk). It indicates that above 30 keV most of th
positrons are implanted deep enough to annihilate bey
the disordered layer.

As known from theTRIM results, the defect profiles can b
approximated with boxes of homogeneous defect dens
Under these conditions, the effective positron diffusi
lengthL1,eff and the depth of the damaged layer are the o
free nonlinear parameters of the fitting procedure inVEPFIT.
The defect concentration can be deduced according to
~7!. The exact positron trapping coefficients for all differe
defects are unknown. It is usual to calculate the defect c
centration of open volume defects~up to small vacancy clus
ter! with the positron trapping coefficient for divacanci
(m2v5831014 s21).19 This procedure may be erroneou
i.e., the defect densities would be overestimated. Howe
the error should be not larger than a factorn, wheren cor-
responds to the difference number of vacancies in a sm
vacancy cluster to the divacancy. This is due to the follow
arguments:~a! Defects beside divacancies are small vaca
clusters~see discussion below! and~b! positron trapping co-
efficients are proportional to the number of vacancies
small clusters.20 The resulting concentration profile
ndefect(z) are plotted in Fig. 3 for different ion fluences.
can be seen that the concentration of vacancylike def
increases with larger ion fluences. It is obvious from Fig
that the thickness of the damaged layer increases also
higher implantation fluence. This could be understood as
artifact of fitting procedure because we assumed box profi
In contrast, Uedonoet al.21 found a shift of the damage pea
towards the surface in boron-implanted silicon~80 keV! with
increasing fluences between 531012 and 531015 cm22.
This was concluded from the corresponding shift of t
maximum ofS(E) curves to the surface, but not by a fittin
procedure. The results of Uedonoet al. are possibly caused
by the special implantation conditions through a 43-nm-th
oxide layer. Especially at low defect concentrations, i.e.
low trapping rates, there is a strong superimposition of p
itron implantation and diffusion and thus a quantitati

FIG. 3. Resulting box profiles of theVEPFIT fit are shown for
different implantation fluences. The thickness of the damaged l
and the defect concentration increase with higher fluence.
d

y.

y

q.
t
n-

r,

all
g
y

f

ts

ith
n
s.

k
t
s-

evaluation is necessary. The comparison of the calcula
defect profiles by the different methods~TRIM, RBS, and
VEPAS! shows that theTRIM calculation leads to slightly
deeper defect profiles~see Fig. 4!. A summary of the results
is given in Fig. 5, in which the defect densityndefectobtained
by VEPAS, the difference in minimum yieldDx min from
RBS, and the concentration of divacancies from the IR
sorption band around\v50.68 eV are depicted versus th
ion fluenceF. ndefectis a measure of the total concentratio
of open-volume defects in general andDxmin ~here taken at a
depth of 1.2mm! comprises information about the total dam
age concentration of implanted layers. Both quantities foll
a square-root dependence on the ion fluenceF ~see Fig. 5!.
A similar behavior in the same fluence range was found
Sealyet al. for the integral strain measured by x-ray diffra
tion in 50-keV and 1-MeV boron-implanted silicon.22 Such a

er
FIG. 4. Comparison of defect profiles determined byTRIM, RBS,

and VEPAS exemplarily shown for the sample implanted with
31015 B1cm22.

FIG. 5. Mean density of open-volume defects after boron i
plantation, concentration of divacancies, and difference of m
mum yield as a function of fluence calculated from results by sl
positrons, IR absorption, and RBS, respectively. The concentrat
of open-volume defects and displaced Si atoms are proportion
the square root of fluence~straight line!, whereas the divacancy
concentration is nearly constant~dotted line!.
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1398 56S. EICHLERet al.
square-root dependence is typical for defect evolution
homogeneous nucleation. This means that the primarily p
duced defect cascades containing single-point defects
able to dissociate due to thermally or ionizationally stim
lated processes. If these point defects are mobile at
present temperature, a homogeneous concentration of va
cies and interstitials will be generated and temporary
stable defect complexes are created by the aggregatio
these randomly distributed mobile point defects.23

Figure 5 illustrates that the concentration of divacanc
remains almost constant up to ion fluences of
31015 cm22, i.e., its concentration is saturated at the appl
ion fluences.24,10 For higher fluences the divacancy conce
tration decreases weakly, indicating that they are suppre
above a critical density. This observation as well as the m
sured maximum value of 331019 cm23 agree well with ear-
lier results of Steinet al.10 Comparing the concentration o
divacancies with that of all open-volume defectsndefect as
determined by VEPAS, one finds that at least one lar
open-volume defect type must exist beside divacancies
B1 implantation with fluences larger than 131014 cm22. For
increased fluencesndefect still increases, whereas the numb
of divacancies is already saturated. Information about
structure of the defect complexes can be obtained from
S parameter. Figure 2 already shows that this value va
with the ion fluence. Such an increase of theS parameter
cannot be explained by an increasing concentration of o
one defect type for the saturated trapping state, thus poin
to the existence of at least two types of open-volume defe
In order to analyze this behavior more in detail, theS param-
eter in the damaged layer and the defect specificR parameter
are plotted versus the ion fluence in Fig. 6. As derived
Sec. III B, theR parameter remains constant in the case
saturated trapping into two types of defects. A significa
change of theR parameter is expected when a third defe
type is detectable or when the assumption of saturated t
ping is no longer valid. Since saturated trapping is alrea

FIG. 6. S parameter and defect-specificR parameter in the dam
aged layer as a function of implantation fluence. TheR parameter
was determined with respect to the annihilation parameter of d
cancies@S2v /Sbulk51.04 ~Refs. 25 and 26! andW2v /Wbulk50.935
~Refs. 25 and 40!#. For details see the text.
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achieved at the lowest implantation fluence and theR param-
eter remains constant over the entire fluence range, one
to conclude that no further defect type becomes visible
slow positrons. On the other hand, theS parameter in the
damaged layer increases continuously with increasing
fluence. The published valueS2v /Sbulk51.035 for
divacancies25,26 was corrected by Simpson toS2v /Sbulk
51.04.27 However, an increasingS parameter does not mea
an increasing concentration of only one existing defect b
cause there is saturated trapping and the constantR param-
eter shows that there is no change in the type of defe
Consequently, from both the constant value of theR param-
eter and the increasingS parameter as a function of the ion
fluence, it can be concluded that divacancies and one a
tional larger open-volume defect type exist in the implante
silicon layer. Assuming complete trapping in two differen
defects~divacancies and vacancy clusters!, theS parameter
in the defect-rich layer can be calculated as

Sdefect5 f 2vS2v1 f clScl ~14!

with

15 f 2v1 f cl . ~15!

The fractionsf 2v and f cl can be determined from the diva
cancy concentrationn2v measured by infrared absorption an
the trapping ratek of both defect types is obtained from
positron measurements according to Eq.~7!. It is

Sdefect5
m2vn2v

k
S2v1

k2m2vn2v
k

Scl . ~16!

In Fig. 7 the points represent the measured values
Sdefect/Sbulk ~corresponding to the averaged plateau values
Fig. 2! and the full line is the best fit with Eq.~16! using an
appropriate value ofScl . The errors of the evaluation proce
dure are mainly caused by the uncertainty of IR absorpt
results ~10%! and by the value of the trapping coefficien
m2v in the positron experiment. As can be seen, on the ba
of this analysis a satisfactory description of the experimen
results can be given, thus supporting our assumption of t
different kinds of open-volume defects. The obtained val
of Scl /Sbulk amounts to 1.04860.001. A similar value was
also determined by Nielsenet al. for 5 MeV, 1
31014 Si1 cm22 implanted Czochralski Si and it is assume
that this value is connected to the existence of small vaca
agglomerates.28 Electron paramagnetic resonance investig

a-

FIG. 7. Fit of theS parameter according to Eq.~16!.
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56 1399DEFECTS IN SILICON AFTER B1 IMPLANTATION: . . .
tions by Sealyet al.22 show for similarly irradiated sample
the existence of SiP3 centers, which were identified as pl
nar silicon tetravacancies,29 and ofS centers associated wit
vacancy clusters.30 This agreement implies that small va
cancy clusters were also measured. TheS parameter of diva-
cancies was verified in the free fit~S2v51.0403 andScl
51.0478 were free parameters!.

2. Dependence on implantation direction

We investigated the dependence of implantation dam
on the substrate directions~^111&, ^110&, and ^100&! in the
fluence range 1014–1016 B1 cm22. Measured values ofS pa-
rameters versus positron energy are shown in Fig. 8 for
as-grown sample and three samples implanted with a flue
of 531015 B1 cm22. The reference sample shows the typ
cal course. The measuredS parameter in the damaged lay
for implanted samples is clearly larger than the bulkS pa-
rameter due to positron trapping at ion-induced open-volu
defects~see also the discussion in Sec. IV A 1 and Fig.!.
The relevant point in this experiment is that the data do
differ more than the experimental errors at the different
rections for the same fluence. This means that the de
density and defect type of open-volume defects are equa
and are independent of substrate direction. In contrast
using RBS different results are found for the various lo
index directions. For an ion fluence of 531015 cm22, the
relative concentration of displaced lattice atoms (nDA) is
plotted versus depth in Fig. 9 and the corresponding m
displacement distancesr a ~perpendicular to the axis of inci
dence! are given. As can be seen, different values are
tained for^100&, ^110&, and ^111& oriented Si. The sample

FIG. 8. S(E) curves forp-type Czochralski Si~10–30V cm!
implanted with 531015 B1 cm22 in the ^111&, ^110&, and ^100&
directions. The dashed box is magnified and shown in the inset.
slopes of the curves are nearly the same.
e
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were implanted in one run and, in order to avoid channel
effects, implantation was performed in a 7° off-axis dire
tion. Therefore, it can be assumed that the same amoun
damage is produced independently of the substrate orie
tion. This assumption is confirmed by VEPAS, which giv
almost identicalS(E) curves for all Si substrates investigate
~see Fig. 8!. That means that the differences observed
RBS ~Fig. 9! have to be connected to an anisotropic latt
distortion caused by the implantation-induced defects
should be mentioned that the determined displacement
tance is a mean value comprising both large values that
resent the defect complexes and low values that arise f
the lattice distortion in the surrounding of the defect co
plexes. Consequently,nDA is the concentration of all dis
placed lattice atoms and not the concentration of defe
Therefore, the results plotted in Fig. 9 indicate that in t
^100& direction pronounced lattice distortions occur, i.e., lo
r a and large concentration are observed, whereas in the^110&
and ^111& directions heavily displaced atoms are domina
Comparing the depth distribution of defects determined
RBS ~Fig. 9! to that obtained with the help of VEPAS~Fig.
3!, it follows that the latter one extends to larger depth. T
is a consequence of the higher sensitivity of VEPAS, wh
allows the detection of open-volume defects up to relat
concentrations of less than 5%, which is not the case
RBS.

B. Annealing experiments

In electron-irradiated samples only monovacancies, di
cancies, and vacancy impurity complexes were found.31 The
primary irradiation defects are close Frenkel pairs. T
simple model is that new defects are formed when mono
cancies become mobile around 100 K. The annealing c
acteristics in silicon is strongly influenced by the impuri
content and additionally by the charge states of the defe
However, the divacancies anneal between 400 and
K.31–33

he

FIG. 9. Defect profiles obtained from RBS ofp-type Czochral-
ski Si ~10–20V cm! implanted with 531015 B1 cm22 in the direc-
tions ^111&, ^110&, and^100&. The triple structure of the profiles is
result of the multiple implantation with three energies. The profi
are different from each other. In addition, the calculated displa
ment distancesr a are different.
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Defect reactions lead to different defect types appea
during the temperature treatment of ion-implanted samp
too. The annealing behavior also depends on implanta
fluence and sample material. First, we show the SNMS d
to extract the behavior of implanted boron during sam
annealing. The SNMS profiles of the 131016 B1 cm22 im-
planted sample annealed at different temperatures are
sented in Fig. 10 as an example. The profile shows cle
the three-boron maxima caused by the multiple implanta
mode. Furthermore, the boron profiles are not changed
ing annealing at different temperatures~up to 1000 K! sig-
nificantly, i.e., boron profiles are completely identical af
annealing at 700 and 1000 K. Hence boron diffusion can
neglected up to 1000 K.

1. Dependence of annealing behavior on oxygen concentratio
in sample material

Two different technologies are used for silicon sing
crystal growth~encapsulated Czochralski and floating zon!.
The most important difference between the grown sin
crystals is the oxygen concentration of about 1018 cm23 in
Czochralski material and about 1016 cm23 in FZ material.
The differences of the annealing behavior for boro
implanted (131014 B1 cm22) Czochralski Si and FZ Si are
presented in Fig. 11. TheS curves of the as-implanted sta
~300 K! show the typical course for both samples. The th
oxide film at the surface produces a lowS parameter, the
damaged layer causes a highS parameter, and at high pos
tron energies theS parameter is characteristic for bulk mat
rial. The surfaceS parameter is shifted to a larger value
about 500 K. No distinct qualitative change in the bulk w
found in positron measurements up to 650 K. The main
nealing stage was observed at a temperature of about 72
After this stage, theS parameter of the disordered layer
Czochralski material decreases to a lower value than the
S parameter. In contrast, the FZ sample exhibits no sign
cant decrease below the bulkS parameter. This fact is show
in Fig. 12, where theS parameter is plotted versus anneali
temperature. TheS parameter data in a depth range 100–3
nm were averaged to reduce data scattering. The discus

FIG. 10. Boron SNMS profiles of boron-implanted silico
samples in the as-implanted state and annealed~700 and 1000 K!.
The curves were almost identical and are shifted by a factor of 2
clarity.
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of Fig. 12 is rather complex since defect annealing and
formation of new defects are obviously superimposed
Czochralski material, i.e., the measuredS parameter is a
mixed value. Nielsenet al. observed the same different be
havior for Czochralski and FZ Si implanted with 5-MeV
silicon ions.28 The defects visible at 800 K indicated by
lower S parameter in Czochralski material are apparen
related to oxygen impurities34 and to the defects produce

r

FIG. 11. Comparison ofS parameter curves for FZ and Czo
chralski Si during isochronal annealing. Both samples wereP
doped and implanted with 131014 B1 cm22. The lines are only a
guide for the eye.

FIG. 12. Annealing stages of FZ and Czochralski mater
shown as the temperature dependence of the meanS parameter of a
depth range 100–300 nm. The lines are only a guide for the ey
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56 1401DEFECTS IN SILICON AFTER B1 IMPLANTATION: . . .
during ion implantation. They are stable up to 900 K. T
exact nature of this defect complex is unknown, but seve
properties can be extracted. The necessary presence of
gen implies that the observed defect complexes contain o
gen atoms. Since the complex is a positron trap at elev
temperatures, it must include at least one vacancy.
simple VO complex can be excluded since it is only sta
up to 600 K.35 Hence it must be a larger complex consisti
of vacancies and oxygen atoms; e.g., Leeet al. found that
especially the V3O3 is stable up to 870 K.36 Furthermore, it
cannot be excluded that this complex exists prior to the m
implantation defect is annealed. At lower annealing tempe
tures, the positron trapping in the main defect dominates
the oxygen-vacancy complex could be hidden. The signa
the VxOy complex is much smaller in FZ material due to t
reduced oxygen concentration. Thus the main annea
stage can be studied almost independently of these oxy
vacancy complexes.

2. Dependence of annealing behavior on boron fluence

The dependence of the annealing behavior on boron
ence was studied in Czochralski material~Figs. 13 and 14!.
As expected, the sample implanted with a fluence o

FIG. 13. Annealing behavior of 131014 B1 cm22 Czochralski
Si shown byS parameter curves.

FIG. 14. Annealing behavior of 131014 B1 cm22 Czochralski
Si characterized by theS parameter obtained by averaging theS
values in the depth range 100–300 nm. The lines are only a g
for the eye.
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31014 B1 cm22 behaves similarly to the Czochralski samp
in the previous experiment. The main annealing stage at
K is attributed to small vacancy clusters. Uedonoet al.have
found an annealing temperature of 1000 K for vacan
clusters.37 However, these clusters should be larger than f
vacancies. Additionally, a weak decrease of theS parameter
is observed for the three annealings 600, 650, and 70
~Fig. 14!. In a superficial consideration one could attribu
this stage to the divacancy annealing that occurs betw
450 and 620 K.32,38This annealing was observed by the va
ished intensity of the 0.68-eV band in IR absorption spec
~see Fig. 15!. Here the annealing temperature was det
mined to be 470 K; which is in good agreement with t
values in the literature.32 However, the annealing of the di
vacancies has no noticeable influence on theS parameter. On
the other hand, the formation of the oxygen-vacancy co
plex discussed above would explain the observedS param-
eter decrease between 550 and 650 K.

The annealing behavior of the highly implanted (
31016 B1 cm22) sample is different from the low-dose im
planted sample in one feature. A newS parameter compo-
nent becomes visible in a temperature range from 700 to
K and at positron energies between 1 and 3 keV~Fig. 16!.
This behavior can be attributed to the formation of a diffe
ent defect type in the near-surface region that appears on
high boron fluences. Here theS parameter increases abov
Scl , which is visible at room temperature after annealing
700 K. It is obvious that a different defect is formed close
the surface that is different from the primarily introduce
defect clusters. The high-S parameter implies the formatio
of larger vacancy clusters. On the other hand, a higherS can
also be caused by a change in the chemical environment,
it could be attributed to boron-related defects. At this samp
the concentration of the implanted boron should be large
the equilibrium solid solubility.39 However, SNMS measure
ments showed that the boron distribution was not influen
by annealing. A distinct defect diffusion happened at te
peratures below 725 K, as can be seen from the narrowin
the S(E) curve. Thus the agglomeration of defect cluste
seems to be a more probable explanation for our results
de

FIG. 15. Annealing stage of divacancies in Czochralski Si a
implantation with 131014 B1 cm22 measured by IR absorption
The lines are only a guide for the eye.
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V. CONCLUSION

Defects and defect reactions were studied in bor
implanted silicon samples and during annealing treatmen
slow positrons, RBS, SNMS, and IRAS measurements.
following conclusions were drawn.

~i! There is no amorphization of the silicon target by b
ron implantation at room temperature up to fluences o
31016 B1 cm22. The RBS data show a clear difference fro
a random spectrum, which is typical for amorphous laye

~ii ! A nearly constant divacancy signal was detected by
absorption in a wide fluence range~131014 to 2
31016 B1cm22!, whereas an increase of the integral def
concentration obtained by slow positrons and RBS is prop
tional to the square root of the fluence, which is in acc
dance with the model of homogeneous defect nucleation

~iii ! We conclude that beside divacancies, larger vaca

FIG. 16. Annealing behavior of 131016 B1 cm22 Czochralski
Si shown byS parameter curves. The lines are only a guide for
eye.
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clusters~containing three or four vacancies! exist in the as-
implanted state. TheS parameter of this defect was dete
mined to beScl /Sbulk51.04860.001. This assumption is fur
ther supported by the thermal stability of these defects. T
main annealing stage was found at 720 K, whereas the
nealing of divacancies occurs at 470 K.

~iv! A distinguished dependence of atomic displaceme
on implantation direction was found in the RBS experime
while the vacancylike defects detected by slow positrons
not show such a dependence. This means that the RBS
show an anisotropic lattice distortion caused by t
implantation-induced defects.

~v! The different oxygen concentration in Czochrals
(1013 cm23) and floating zone silicon (1016 cm23) has an
influence on the defect reaction occurring during the ann
ing. In contrast to FZ material, in Czochralski silicon a po
itron trap was detected in the temperature range between
and 900 K, which exhibits anS parameter lower than the
bulk S parameter. It was concluded that its nature is a co
plex consisting of at least a vacancy and an oxygen at
Due to its thermal stability up to 600 K, the simple V-
complex must be excluded.

~vi! For the highly implanted (131016 B1cm22) sample
a different defect type was created in a 100-nm layer beh
the surface due to heating at 700 K. This defect is stable
to 850 K. It is possible that larger vacancy clusters or bor
stabilized open-volume defects were generated due to
glomeration of mobile open-volume defects.
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